The nanostructure of DNA with different cationic surfactant has been studied in order to elucidate the detailed arrangement concerning the position of DNA and surfactant domains in the complexes. Also, the orientation of the DNA cylinders in the thin films of the complexes was investigated. Attention was directed on the preparation methods of the complexes and to how the different surfactant structure affects the compaction of the DNA. The cationic surfactant-DNA complexes were investigated by X-ray scattering, Polarized light Microscopy and Elemental Microanalysis. It was observed that the molecular organization of the complexes between DNA and cationic surfactant correspond to a hexagonal structure with different packing arrangements. The nanostructure of the complexes depends on the hydrophobic/hydrophilic balance of the cationic surfactant. In particular the use of arginine derived surfactants, with a large polar head group able to interact not only by electrostatics but also by hydrogen bonding, allows for the formation of more compact structures. The results suggest that the smaller the lattice parameter the more compact and stable is the complex implying slower DNA release.
Introduction
The development and the study of the nanostructure of DNA derivatives are a fundamental achievement in the field of biomaterials for pharmaceutical applications. It is well known that naturally derived polyanions such as nucleic acids (DNA and RNA) can self-assemble with cationic lipids or surfactants via electrostatic attractions, thermodynamically driven by the release of counterions. 1 Applications of these types of complexes are frequently used in the fields of pharmaceuticals and gene delivery. 2, 3 Most of these complexes are dispersed in aqueous solution with well understood characterized structures. 2, 3, 4 The interaction between oppositely charge amphiphiles and macromolecules has also relevance in biological systems. For instance, in gene transfection the reversible collapse and swelling of DNA molecules are required. This behavior can be achieved by subsequent complexation of DNA with cationic surfactants. 5 The DNA condensation has received considerable attention in recent years due to its biological importance in DNA packaging in virus heads, as well as, in the development of gene delivery vehicles. 6, 7, 8 Multivalent metal cations and positively charged polymers, such as polyamines or peptides are known to provoke the condensation of DNA to particles that appear as rods, toroids or spheroids under the electron microscope. It was shown that the oppositely charged polyelectrolytes, such as the proteins, lysozyme and protamine sulfate, are very efficient compaction agents. 9 The conformational behavior of DNA in the presence of proteins follows a discrete transition between expanded coil and condensed globule, with a coil-globule coexistence region. Pinto et. al 10 showed that it is possible to obtain a variety of conformations, degrees of compaction and aggregation simply by controlling the way DNA comes into contact with the condensing agent.
The mixtures of DNA and cationic surface active molecules constitute the basis of formulating DNA. For this reason, it is evident the need for a better understanding of the structures formed and of the interactions in mixed systems of DNA and surfactants. For uses in the biomedicinal field, biocompatibility and biodegradability of the vehicle molecules is needed. 11 Among the possible surfactant candidates, the amino acid derived surfactants are a family of choice, because of good biocompatibility.
Therefore, these surfactants are of great interest in the field of novel non viral drug delivery devices. 12, 13, 14 Up to now it has been found that the complex structure (such as lamellar, inverted hexagonal or hexagonal) mainly depends on the lipid used for complexation. 15, 16 However, the results, in term of nanostructure of the complexes are not clear. The reasons are the orientation of DNA domains and surfactant conformation. Because non equilibrium structures strongly depend on the preparation method it is important the knowledge of the mixing protocols, for instance a simple preparation of cationic surfactant-DNA films or gel particles was previously reported. 17, 18 Nanoparticles formed from oppositely charged polymers and surfactants might display different structures and compositions. The number of applications proposed for nanoparticles is constantly increasing, being reflected in a particularly prominent number of papers and patents, as well as formulations undergoing clinical trials. It is frequently observed the application in the pharmaceutical area, the list of commercially available products becomes very narrow, mainly because of regulatory hurdles to demonstrate their safety for human use.
The difficulties encountered with the nanostructural control in the complexes have motivated attempts to prepare well-ordered films/particles. Recent studies indicate the formation of a columnar hexagonal liquid crystalline packing of DNA in the presence of polyamines and other multivalent cations. 19 X-ray diffraction studies of DNA-lipid/surfactant systems have shown the presence of organized structures, mainly liquid crystalline in nature. 1, 20 However, little is known about the behavior of the complexes at microstructure level. The aim of this work is to clarify the hexagonal-lamellar structure of the surfactant-DNA complexes and also to clarify the orientation of DNA domain in thin films. This last point has relevance because the dry films or coatings may have distinct advantages for drug or nucleic acid delivery such as direct implantation at the site interest, direct storage capabilities, ease of handling, etc. The drug release behavior and catalytic activity of these nanoparticles are strongly influenced by their morphology. The size will affect the level of cellular uptake of the drug, the thickness and porosity the drug transport efficiency, and the drug loading concentration the release rate. The drug delivery application of DNA nanomaterials includes the collapse of extended DNA chains into compact, orderly particles containing only one or few molecules. 21, 22 For these reasons, the study of microstructure of these complexes has an up to date importance.
In this paper, we present a systematic investigation of the dry films prepared by different methods by Xray scattering, polarized light microscopy and elemental microanalysis. The general nanostructure of cationic surfactant-DNA complexes will be discussed and also potential practical applications of the results will be suggested.
Experimental Section

Materials
The sodium salt of deoxyribonucleic acid (DNA) from salmon testes of an average degree of polymerization of about 2000 base pairs was purchased from Sigma-Aldrich and used as received. The DNA concentrations were determined spectrophotometrically (assuming that, for an absorbance of 1 at 260 nm, a solution of DNA has a concentration of 50 µg/mL).
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Cetyltrimethylammonium bromide -CTAB, myristyltrimethylammonium bromide -MTAB and sodium bromide -NaBr were obtained from Sigma-Aldrich. The arginine-N-lauroyl amide dihydrochloride (ALA) and N α -lauroylarginine-methyl ester hydrochloride (LAM) were synthesized in our laboratory. 24, 25 All experiments were performed in 10 mM NaBr solutions, using Millipore Milli-Q deionized water. Method 3 -Film formation in capillaries, first the DNA solution was introduced in the capillary and then slowly the surfactant solution was added, after few seconds at the interface of the two solutions the film formation was observed.
Polarized Light Microscopy (PLM)
A Zeiss polarized light microscope equipped with a Linkam LTS120 hot stage, controlled by PE94 unit was used. Images were acquired with a Canon PowerShot S90 Wide Zoom digital camera. Anisotropic liquid -crystalline phases give rise to typical birefringent textures under polarized light.
Small Angle X-ray Scattering (SAXS) and Grazing Incidence SAXS (GISAXS)
Small Angle X-ray measurements were carried out using a S3-MICRO (Hecus X-ray systems GMBH Graz, Austria) coupled to a GENIX-Fox 3D X-ray source (Xenocs, Grenoble), which provides a detector focussed X-ray beam with the Cu Kα-line (wavelength 1.542 Å) with more than 97% purity and less than 0.3% Kα. For the X-ray measurements, the gel particles and the films were dried. All the measurements were done at room temperature under vacuum. The dry surfactant powders were inserted in a glass capillary 1 mm diameter with 20 µm wall thickness. The surfactant-DNA films were deposited on glass-plate.
The SAXS scattering curves are shown as a function of the scattering vector modulus,
where θ is the scattering angle and the wavelength of the radiation. The q range obtained with our setup was between 0.08 -6 nm -1 in the SAXS regime. 26 The system scattering vector was calibrated by measuring a standard silver behenate sample. The scattering curves show mainly slit-length smearing because of the use of a detector focused small beam (300 x 400 µm full width at half maximum). This mainly produces a widening of the peaks without a noticeable effect on the peak position. The instrumentally smeared experimental SAXS curves were fitted to numerically smeared models for beam size and detector width effects.
In the GISAXS configuration, the samples were deposited on glass plates. The samples were oriented with respect to the incident beam using a high-resolution stepper motor. The angle was kept between 0.5 and 0.8 degree. The 2D images were analyzed with FIT2D software to obtain the one-dimensional spectra or radial cuts.
Results and discussion
Observations related to sample preparation
In order to clarify the nanostructure of cationic surfactant-DNA complexes, in this work three different methods were studied for the complex/film production. Several aspects inherent to the preparation procedure will be mentioned that affects the final properties of the particles. In a recent study 27 in which we produced cationic surfactant-DNA gel particles, it was observed that a positive/negative charge ratio around 1 resulted in the formation of particles. The main purpose of this work was to investigate the nanostructure of cationic surfactant-DNA materials and lead to new insight into how drug delivery systems can be designed on the basis of appropriate phase behavior.
The structure and properties of the studied complexes in thin film geometry can be significantly different from the bulk properties. The presence of two interfaces, the air-film interface and film-substrate interface, can induce preferential ordering in the films, in particular, if the film thickness is of the order of the typical length scale of the macromolecule microstructure.
The direct association of cationic surfactant to DNA decreases the effective charge of the nucleic acid, allowing the surfactant-DNA complex to form a membrane. DNA gel particles and DNA films were prepared using solutions with a concentration such that R = 1. The formation and the stabilization of the DNA gel particles were earlier studied 24, 18 using mixtures of DNA and cationic surfactants. In this work, the nanostructure of the obtained translucent, gel particles were studied in detail, in particular in the form of stable cationic surfactant-DNA films.
The studied DNA gel particles were obtained by mixing double stranded DNA with single chain cationic surfactants. The structure of the latter differs in hydrophobic chain length and also in the hydrophilic head group. The polar/hydrophobic character of the counter-ion, as earlier studies show, have an important role in the final properties of the particles obtained 28 . The studies were carried out on films obtained from the different methods (please refer to the above section 2.2 for more details on the preparation methods). The thicknesses of those films were between 1-2 mm and they showed an opaque structure. Measurements were carried out on dry films in vacuum.
Lyotropic Properties by Polarized Light Microscopy
The phases formed by DNA and cationic surfactant complexes can be identified initially using polarized light microscopy (PLM). All complexes were found to be birefringent under the polarized light. The qualitative phase behavior of the materials was observed by microscopy, and the obtained results are presented in Figure 2 . The first observation was the different texture of these complexes. Not clearly defined structures were observed. However, for the samples prepared by the different methods the coexistence of lamellar or hexagonal structure was mainly detected. is valid for all the micrographs and corresponds to 50 µm. → point to lamellar and to hexagonal textures.
The PLM image in Figure 2 exhibits the coexistence of crossed textures and veins, which are typical texture for the lamellar (L α ) phase and some "fan" pattern for the hexagonal lattice (H). 29 The textures formed by CTAB-DNA, MTAB-DNA, LAM-DNA from the appearance of the optical texture can readily be identified as a lamellar liquid-crystalline phase by its characteristic texture. For ALA-DNA, not very defined structure was observed. The appearance of the smoky texture and the presence of spherulites suggest a hexagonal structure 29 . Surfactant-DNA complexes additionally form some birefringent crystals with sharp edges, by method 2 (dry film by spraying method). These crystals might be ascribed to varying sample thickness and the contact time of the two solutions. For all investigated complexes, it was found reproducibly that the birefringent texture of the films changes gradually with the thickness of these films.
X-ray scattering studies
SAXS Studies
Further insight into the structural properties of the constituent phases of the different formulations was obtained by using X-ray scattering measurements (SAXS and GISAXS). As it is well known SAXS intensities are Fourier transforms of the correlation function, which in turn is a product of the form factor and the structure (interference) factor.
For a systematic study first the dry powder of the corresponding surfactants were measured in a glass capillary (with 1 mm diameter) at 25±0.1 o C. The SAXS spectra of the surfactants are presented in Figure   3 . The small-angle X-ray diffraction pattern showed a series of reflection peaks characteristic of lamellar packing for each surfactant. The X-ray patterns consist of two or three peaks in the small angle scattering vector q in the ratio 1: 2: 3.
Further, all Bragg peaks have similar profiles. The intermolecular distance is changing with the hydrocarbon chain length, and this can be observed in the position of the last peak in the spectra. The first maximum in the scattering intensity will be treated as a lamellar peak. Table 1 the surfactants with 12 carbon atoms in the hydrocarbon chain, the repeating distance is 34.5 and 32.9 Å for ALA and LAM respectively. The structure of ALA and LAM surfactants differs mainly on the connection of the alkyl chain to the carboxyl group (ALA) or to α amino group (LAM) of arginine (see Figure 1) , and the repeating distance is not changing significantly. In the case of MTAB and CTAB, an alteration of the hydrophobic chain length can be observed in the packing 30 , as the hydrophilic part of the molecules contain a bromide, the molecules pack as a repeating double layer and the hydrophobic chain are tilted with respect to the basal plane. In addition, it was shown by Paradies et al. 31 that different conformation can be observed depending on the CTAB crystals growth conditions within a narrow range of physical parameters including the application of organic solvent. Different polymorphs were obtained where the CTAB molecules were packing in a bilayer, and the Br -anions were located at different positions in the three CTAB polymorphs with respect to the extended n-alkyl chains (around 0.4 nm far away from the quaternary nitrogen). The widely different repeating distances for the quaternary ammonium salts (as compared to the lipoaminoacids) are a reflection of the different structure of the polar heads which affects also the hydrocarbon chain packing. It is clear that the preferred structure has to be much more extended in the latter than in the former. Furthermore, the nanostructure of the surfactant-DNA complexes was studied in dry conditions. The dry films of surfactant-DNA complexes were investigated by SAXS and GISAXS measurements. For CTAB-DNA, MTAB-DNA, ALA-DNA and LAM-DNA complexes, the structure is manifestly different to that of the dry surfactant. In Figure 4 SAXS spectra of Cationic surfactant-DNA films obtained using the three different preparation methods are shown. The SAXS spectra for the CTAB-DNA film obtained using method 1 (opening the DNA gel particle) and method 3 (in capillary at the interface) are very similar. A hexagonal packing of rod-like particles should produce scattering pattern with peaks in a 1:√3:2 order. The absence of a second and/or the third peak from a hexagonal structure can be due to the occurrence of minima of the scattering form factor close to the expected reflections as shown by Krishnaswamy et al. 32 Preferred orientation of the rods perpendicular to the film normal would hinder the observation of the √3 peak. The X-ray measurements show a relatively broad peak with a maximum in the range of q=1.1-1.8 nm -1 . In the SAXS spectra of Cationic surfactant-DNA film prepared by method 2 (dry film by spraying method), two additional sharp peaks can be seen. These peaks correspond to the 1 st and 2 nd peak of the dry surfactant, which can be explained by the fact that, in this method, the contact-time of the DNA and surfactant solution is very short, promoting a smaller amount of surfactant-DNA complex in comparison of that formed using the method 3 (in capillary at the interface). The representative SAXS spectra of MTAB-DNA, ALA-DNA and LAM-DNA films, obtained using the different preparation methods, clarify that the structure of the complexes formed by method 1 and 3 is very similar and can be ascribed to a hexagonal packing. Table 2 shows the corresponding lattice parameters and the repeat distance obtained for the different surfactant-DNA complexes. The peak of the corresponding surfactant-DNA complex has the same position, indifferent from the applying method. This is a bit surprising taking into account that the complex prepared by method 1 is measured in the dry state (vacuum) while the complex prepared by method 3 is measured in situ. The consequence of this observation is that the formation of the complex produces a complete or nearly complete dehydration. According to the peak positions of complexes and taking into account a hexagonal packing we estimate a maximum water content of 9 molecules per base or a 20% volume. Studying in more detail the process of preparation by method 3, it was observed that the complex is forming only on the interface. In Figure 5 , an example of the SAXS measurements at a different level in the capillary is presented. At the beginning of the contact of the two samples, a very thin layer is observed. Visually, with time, the film gets thicker-and-thicker, but the structure remains the same as judged from the SAXS scattering curves. The speed of this process depends on the surfactant and DNA concentrations. As it can be observed in the capillary, the interaction of DNA and MTAB is very fast.
After half an hour at the bottom (DNA solution) and the top (MTAB solution) of the capillary, no peaks were observed in SAXS measurements. Although there should be some depletion of surfactant and DNA at each side of the film, we were not able to quantify it. The complex was formed only at the interface of the two solutions in a very thin layer, and this film is stable. This behavior of the complex formation in capillary was also observed for the other surfactant-DNA complexes. In the film structures, the orientation of DNA domains should be parallel to the interface and this orientation is better defined in GISAXS measurements. 
GISAXS Studies
It is well known that cationic surfactant-DNA complexes form liquid crystals 1, 20, 33 However, conditions for the formation of such structures are not sufficiently fully covered yet. Due to the low scattering volume obtained of thin films for SAXS analysis, we propose GISAXS measurements in order to characterize the surfactant-DNA complexes obtained using method 2 (dry film by spraying method) and compared with those obtained using method 1 (opening DNA gel particle). GISAXS is the method which was used in the last years for characterization of thin films and the previously difficult to interpret patterns of SAXS and GISAXS nowadays are relatively straightforward. 34, 35 Therefore by GISAXS we investigate our complexes to get a better understanding of the formed nanostructure. Figure 6A shows the 2D GISAXS spectra of the surfactant-DNA complexes corresponding to the films obtained using method 1 (opening the DNA gel particles). In row A, strong signal can be observed at different q values according to the surfactant used. These q values coincide with the ones detected using A.
B.
1D detector (see values in Table 2 ). The existence of a diffuse ring on these spectra makes difficult to distinguish the second peak of the hexagonal arrangement visible for some samples using the 1D detector.
As the rings are broad, it is evident that the film structure is powder-like with some short range order.
However, in case of surfactant-DNA complexes obtained from films using method 2 (dry film by spraying method), an orientation can be observed for all surfactant-DNA complexes except for MTAB-DNA complexes (see Figure 6B ). This orientation in the pattern, suggest a parallel orientation, that is, a hexagonal packing of cylinders on the surface. This clearly was observed for ALA-DNA sample where, azimuthal plots at the q of the maximum showed that weak peaks were present at θ = ±60 o . In the pattern of this picture (2D spectra of ALA-DNA from Figure 6 ) shows spots exhibiting the six-fold symmetry (see Supporting Information Figure 2S ) additional peaks at ±25 o are also present in the hexagonal arrangement according to simulation (dashed curve in Figure 2S ). The presence of spots instead of rings in the pattern is undoubtedly a sign for a long range order and substrate induces orientation. This order of orientation cannot be seen in the surfactant-DNA complexes obtained using method 1 (opening DNA gel particles), suggesting the which should be due to the thickness of the film, which in case of the method 2 (dry film by spraying method) is thinner and also the volume of the two solutions is fixed. This effect was observed in earlier studies and was mentioned that the film thickness can favor a parallel (commensurate) or perpendicular (incommensurate) orientation. 36 Another explanation would be, for example, the incomplete complexation of the surfactant-DNA complexes. The diffuse scattering in 2D becomes better defined for the samples prepared using method 2 (dry film by spraying method). The relative weakness of the spots ( Figure 6B ) suggests that a lamellar phase can be predominant in comparison to the hexagonal structure. A diffuse ring in GISAXS indicates a lack of long-range and orientation order. Although this scattering pattern could be interpreted as a cylindrical-type microstructure, the possibility of non-oriented lamellar phase cannot be excluded. From the observed pattern can be deduced that the surfactant-DNA complexes contain cylinders while the lattice parameter of the hexagonal packing was a few nanometer.
The characterization parameters of the studied complexes from 2D measurements are summarized in Table 3 . In order to have a better general view on the composition of the surfactant-DNA complex on the films obtained using the method 1 additional Elemental Analysis of the dry films in the form of powder was carried out. According to the experimental results and using the carbon/nitrogen ratio, we can calculate the number of surfactant molecules per DNA base (Table 4) . For this calculation, we consider for each DNA segment four bases (guanine:cytosine:adenine:thymine). Our results suggest that each DNA base is surrounded with more than one surfactant molecule.
From these results, we can give a possible explanation of mutual arrangement of DNA helices and cationic surfactants in the complexes. Taking into account the different packing arrangements for electroneutral complexes as constituted by DNA helices and CTAB cylinders in 6-fold symmetry arrangements (helix:cylinder ratios 2:1, 3:1 and 5:1) proposed by Leal et al. 39 our calculations can be summarized as follows. We have used a value of 1.72 Å per DNA base and taking into account the hydrophobic length of the surfactants to form cylinders. For the surfactants, the used length and volume values are summarized in Table 5 together with the theoretically calculated surfactant/base molar ratio for the different DNA helices/surfactant arrangements However, for ALA-DNA and LAM-DNA complexes the experimental values are significantly bigger, 2.18 and 1.86 respectively, which are close to that expected for the 2:1 arrangement. The preferred structure of the complexes seems to be strongly related to the hydrophilic part of the cationic surfactants.
Surprisingly, the smaller the hydrophilic head of the surfactant, the bigger the critical packing cell parameter of the complex while in the lamellar arrangement obtained for the single surfactant powders, the CTAB and MTAB show smaller cell sizes than ALA and LAM. In the case of ALA and LAM, the head-group is larger and also ALA has one more positive charge. The lamellar packing of surfactant aggregates, as it has been seen from X-ray measurement, shows 8.8-7.2 Å larger d values compared with CTAB. This difference in the complex is in the other sense, producing 12-8 Å bigger d for the CTAB complexes than for ALA and LAM. Therefore, it is clear that the packing arrangement has to be different.
The nanostructure of the complexes strongly suggests a hexagonal packing. From the present results, it appears that the specific head group structure of ALA and LAM allows for a more compact packing because the hydrophilic corona can extend its influence much further away than in the case of CTAB.
This is due to the longer and flexible nature of the head group, which allows for reducing the repulsive interactions from neighboring DNA helices in a more effective way. In the case of CTAB, a distortion/expansion of the cationic surfactant cylinder is needed to increase the surfactant-DNA interaction, and this should also result in an increase of conformational disorder of the alkyl chains 40 . These observations clarify the clear correlation between DNA release and the packing parameters, the shorter the lattice parameter, the stronger the interaction and the smaller the release 27 .
These studied simple preparation methods (method 1 for gel particles and method 2 and 3 for films) allow for applications that take advantage of the hydrogel, but it can also be applied to biomedical applications such as controlled drug release for multiple drugs. More applications in other fields are also being explored. One possible application of these films is to use them as drug delivery vehicles by loading the complex with active molecules or simply by the delivery of its constituent molecules. The formation of stable surfactant-DNA complexes will increase the application of these systems. These surfactant-DNA complexes notably expand the potential for real-world applications, including cell therapy and other medicinal applications.
Conclusions
The cationic-surfactant complexes show strong electrostatic interaction and in-plane (surface/interface) orientation. In our work, we have discussed in detail the structural behavior of surfactant-DNA complexes on films obtained using different preparation methods. We can conclude that the particles showed a clear evidence of an ordered nanostructure of the surfactant-DNA complexes which should be involved in the stabilization of the obtained particles. The nanostructure of the complexes strongly suggests a hexagonal packing. The GISAXS measurements showed that when the film is formed by method 2 there is a parallel orientation on the surface, which is a similar situation to the interface between DNA and surfactant solutions in the processes occurring in methods 1 and 3.
The thickness of the surfactant hydrophobic domain increases with increasing alkyl chain length, however, the change induced by the head group structure is stronger in the liquid crystal behavior of cationic surfactants than that accounted only by total chain length. The different surfactants show different hydrophobic chain conformation, with that of the quaternary ammonia being tilted and that of the arginine derivatives correspondingly straight. Also, the arginine derivatives have one or two positive charges to provide an electrostatic interaction, in addition to multiple hydrogen bonding donor and acceptor possibilities.
The ALA-DNA and LAM-DNA complexes show 2:1 packing arrangement as the ALA and LAM surfactants have bigger and more flexible hydrophilic head group compared to CTAB and MTAB surfactants they can accommodate this arrangement that is more distorted than 3:1. For CTAB-DNA and MTAB-DNA complexes 3:1 DNA helices/surfactant cylinder ratio is more favorable which should also result from the increased conformation disorder of the alkyl chain.
The present results may allow future applications of these complexes for improved biocompatibility, stability and nanostructure in medicinal and pharmaceutical applications.
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